ABSTRACT: Extensive deep-water mass-transport deposits are observed both in slope and basin-floor settings. A detailed understanding of mass-transport deposits, in terms of emplacement processes, depositional products, and their stratigraphic and geographic distribution, is vital because they can constitute a significant portion of the stratigraphic section in deep-water settings. In addition, mass-transport deposits can play a significant role in hydrocarbon exploration, inasmuch as they can constitute seal, reservoir, and possibly source facies under the right circumstances.
INTRODUCTION
Mass movements of sediments form kilometer-scale features ( Fig. 1 ) that represent major subaerial and subaqueous geohazards, and can comprise significant depositional elements, characterizing marine slope and basin-floor systems. Catastrophic consequences of mass-transport processes such as tsunamis, avalanches, major rock falls, and mudslides are dramatic (e.g., Holmes, 1965; Bolt et al., 1977; Voight, 1978; Brunsden and Prior, 1984; Fisher and Smith, 1991; Martinsen 1994; Bondevik et al., 2003) . In addition, mass movement of sediments can significantly affect stability of offshore installations (e.g., Prior and Coleman, 1982; Solheim et al., 2005) .
Recently, these types of deposits have received increased attention because of petroleum exploration in deep-water settings, which are characterized by extensive mass-transport deposition. Posamentier and Walker (2006) have observed that in some deep-water settings, mass-transport deposits can comprise upwards of 50% of the stratigraphic section (Fig. 2) . In some ancient outcrops, up to 75% of the stratigraphic succession has been deformed by mass-transport processes (Martinsen, 1989; 1994) . Proliferation of 3D seismic coverage in deep-water settings and availability of high-quality shallow seismic and side-scan sonar data have provided striking evidence that mass-transport processes play an important role both on the surface and in the subsurface of marine slopes, as well as basin floors (Posamentier and Walker, 2006) . A wealth of seismic-based examples of masstransport deposits have been published (e.g., Piper et al., 1985; Piper et al., 1997; Piper et al., 1999; Weimer, 1990; Brami et al., 2000; Posamentier et al., 2000; Posamentier and Kolla, 2003; Tripsanas et al., 2004; Moscardelli et al., 2006; Posamentier and Walker, 2006; Sawyer et al., 2007) . Integration of outcrop and 3D-seismic based analyses has yielded significant insights with regard to understanding mass-transport processes and temporal and spatial distribution of associated deposits (Damuth and Embly, 1981; Mutti, 1985; Martinsen et al., 2000; Martinsen et al., 2003; Posamentier and Kolla, 2003) .
The objective of this paper is to discuss and review process sedimentology, stratigraphy, and geomorphology of mass-transport deposits as derived from outcrop and seismic data. Outcrop expression is useful primarily for viewing lithologic and kinematic details, stratigraphic context, and inferring small-scale emplacement processes. Interpretation of 3D seismic data provides paleogeographic setting, stratigraphic and system context, overall stratigraphic architecture, and morphological expression. Basin-wide sedimentary and rheological processes can be readily FIG. 1.-Painting of the Storegga slide, one of the world's largest surficial mass-transport deposits, offshore central Norway. The slide formed 8200 years BP, involved 3200 km 3 of sediments, and created a tsunami 4 m high in northern Scotland (Bondevik et al., 2003) . MTDs of this scale are rare, but they show the importance of the process and the effects it can have on sedimentary environments, human life, and offshore installations. The giant Ormen Lange gas Field (14 Tcf) sits directly underneath the main mass-transport scar (arrow), and risk mitigation related to a potential future mass-transport event in the region has been a major task for the developers of the field.
inferred from such seismic data. In this paper, we first review existing classification schemes for mass-transport deposits and then move from detailed, relatively fine-scale outcrop-based observations to relatively broad-scale seismic-based observations. We will provide a comprehensive overview of stratigraphy and geomorphology at varying scales, as well as discuss processes associated with mass-transport deposition.
TERMINOLOGY AND CLASSIFICATION
The term mass-transport deposit (also known as MTD) encompasses several slope deformational processes (Fig. 3) , including creep, slide, slump, and debris flow (cf. Jenner et al., 2007) . These processes form a process continuum, and are intergradational. Many mass-transport deposits show evidence of several process mechanisms that were active at various points along their reach. Consequently, process-based classification should be exercised with caution in outcrop where only parts of mass-transport deposits are observed. Using seismic data, resolution issues associated with seismic data quality are crucial for process understanding and classification.
A unified and pragmatic process-based classification of masstransport deposits is necessary for a full understanding of both their occurrence and significance, and for prediction in areas with little or low-resolution data. The term mass-transport deposit (commonly used synonymously in the literature with mass-transport complex, mass-movement complex, mass-gravity deposit, and a host of other terms) is a generic term that was used in studies by Peterson (1965) for pebbly mudstones in outcrop in California that were interpreted to represent debris-flow deposits. At that time, because understanding of mass movement mechanics was relatively poor, use of a general term was justified. Nonetheless, the term mass-transport deposit remains useful where data do not allow for interpretation of which specific slope processes operated (cf. Jenner et al., 2007) .
Mass transport processes should sensu stricto include only those processes where sediments are moved en masse (i.e., grains do not move freely with respect to others). We prefer to use mass movement as a generic term for en masse slope deformational processes and mass-transport deposits as a generic term for their deposits. In mass-transport processes, the main grain support mechanism is not fluid turbulence. Thus, we exclude turbidity currents and their deposits from mass-transport deposits, although these processes and deposits can be transitional into mass-transport processes such as debris flows. The terms slurry deposit and linked debrite refer to those debrites (i.e., debris-flow deposits) that are genetically associated with turbidites. Slurry deposits form during the same depositional event and are associated with alternating laminar and turbulent flows (Lowe and Guy, 2000) . Likewise, coupled debrites and turbidites comprising linked debrites are associated with a single depositional event. Consequently, although mass-transport deposits are considered here separate from turbidites, it should be recognized that a single depositional event can spawn both types of deposits, and as such both masstransport deposits and turbidites are part of a continuum of depositional processes.
Mass-movement processes can be classified on the basis of process and rheology, product, climate, type of material moved, local geology, and triggering mechanisms (e.g., Ladd, 1935; Ward, 1945; Dott, 1963; Crozier, 1973; Middleton and Hampton, 1976; Nardin et al., 1979; Hansen, 1984; Pierson and Costa, 1987; Martinsen, 1994; Mulder and Cochonat, 1996) . Many of these classification schemes are difficult to use, particularly in the field. Some schemes are concerned only with subaqueous gravity flows (e.g., Middleton and Hampton, 1973; Lowe, 1982) , and do not include subaerial slope failures such as slides and slumps. Other schemes aim to classify all subaqueous processes whether they are gravity-driven or not (Pickering et al., 1986) . Classification schemes should be simple, concentrate on descriptive and morphological factors, and direct the user towards genesis of a particular unit observed.
Turbidite Channel
Mass-Transport Deposits of approximately 3000 m), with mass-transport deposits constituting a significant portion of the strata. Note that the lateral margins of some of the mass-transport deposits are characterized by nearly vertical walls. Within this section, only one small turbidite channel is observed (seismic data courtesy of Western Geophysical). Kruit et al. (1975) , Rupke (1978) , and Stow (1986) developed classification schemes where process and product are considered in a simplified way. The scheme, based on mass-movement rheology, was simplified by Nemec (1991) , who grouped the processes into six categories (Fig. 3) . This classification scheme is useful both for subaqueous and subaerial processes. This scheme shows a range from slow movement of coherent masses (creep), with little or no relative movement of individual grains ("quasistatic" grain contacts), through increasingly turbulent movements to rapid mass movement of grains, which move almost entirely independently of other grains (falls of debris). This scheme also shows that the processes are a part of a process continuum (Fig. 3) . One process may evolve into another with time, or depositional effects of one process type may trigger other processes. This scheme is applicable both at outcrop and at seismic scale, and its use allows for easier comparison between various settings. PROCESSES Slopes, whether subaerial or subaqueous, are inherently unstable, because sediments deposited on them are subject to gravitational forces along an inclined surface. The resulting sediment deformation occurs on a broad range of temporal and spatial scales, yet for the most part the same structures or products are largely observed independently of scale. This is a basic premise for the comparison of outcrop and seismic examples, since scales of observation and resolution can differ significantly. -Schematic cross sections illustrating the spectrum of slope deformational processes, including those that form mass-transport processes and deposits. Note that these processes form a continuum from very slow-moving creep (cm/yr) to very fast-moving debris falls (m/s), where grains move fully independently of one another. The term mass-transport deposits should be limited to processes that involve en masse, gravitational sediment movement. The seismic and outcrop images illustrating creep (Fig. 16) , slide ( Fig. 10C) , slump (Fig. 4) , and flow ( Fig. 33C ) are discussed in greater detail below. (Redrawn and adapted from Nemec, 1991, and Martinsen, 1994) .
All types of mass movement behave in response to a range of factors, but failure and downslope movement depends on whether shear strength or shearing resistance of sediments is exceeded by the applied shear stress. Slopes vary in inclination from less than 0.1° (e.g., on modern delta fronts; cf. Prior and Coleman,1978a , 1978b to vertical and overhanging, where rock falls may occur. Terzaghi (1962) formulated the shearing resistance as
where is the shearing resistance of rock or sediment, C is the cohesion of sediments, σ n is unit pressure at a point P on a potential slide surface, u is hydrostatic water pressure next to P, and ϕ is angle of shearing resistance or internal friction. Therefore, in more practical terms, the type of sediment, sedimentation rate, slope angle, heterogeneity of sediments (whether bedded or homogeneous), permeability, and to what extent pore water in sediments are drained, influence both the type and magnitude of mass transport. Consequently, mass-movement type can vary temporally and spatially along marine slopes, and a complete overview of the range of processes is necessary to analyze the depositional settings. The occurrence is to some degree predictable, inasmuch as the common factor of slope instability links all mass-movement deposits regardless of scale. However, caution is necessary particularly at outcrop scale, where commonly only 2D fragments of mass-transport deposits are observed. Seismic examples covering broad-scale examples of mass-transport deposits show that structural style, and thus classification, can vary greatly within the same units (e.g., Posamentier and Kolla, 2003; Posamentier and Walker, 2006) . Analysis of 3D seismic data allows a full spatial view of masstransport deposits, particularly where they are located on or near the seafloor. The principal direction of movement can be readily interpreted from these data, though locally within the masstransport deposits the direction of movement can vary considerably both as a result of local slopes (Prior and Coleman, 1979) and because of internal kinematics (Lewis, 1971; Martinsen, 1989 Martinsen, , 1994 . Based both on outcrop data and in deeper seismic data, the overall direction of movement, and consequently paleoslope, can be difficult to assess (Fig. 4; Woodcock, 1979; Martinsen and Collinson, 2002; Strachan and Alsop, 2006) . In outcrop examples of mass-transport deposits, interpretations of paleoslope orientation must be made on measurements of all directional structures in as many mass-transport deposits as possible rather than on single observations (cf. Martinsen et al., 2000; Martinsen and Collinson, 2002; Martinsen et al., 2003) . Core data can be useful to prove the presence of mass-transport deposits in deeply buried stratigraphy with poor seismic resolution, but direction of movement is usually impossible to attain, even with high-resolution dipmeter log data, due to the extensive deformation. Basal grooves observed on seismic data can be a direct indication of flow direction (Brami et al., 2000; Posamentier et al., 2000; Posamentier and Kolla, 2003; Posamentier and Walker, 2006) . In the following sections, the most common processes that form mass-transport deposits are described to illustrate the main modes of gravitational sediment transport on subaqueous slopes.
Creep
Creep on subaqueous slopes is poorly studied and rarely identified compared to other mass-transport processes, though exceptions include Carter and Lindqvist (1975) , Hill et al. (1982) , Silva and Booth (1984) , Silva et al. (1989) , and Lee and Chough (2001) . The reason may be that creep is an extremely slow process (movements on the order of a few millimeters to centimeters a year), and that effects can be difficult to observe. In addition, Silva and Booth (1984) argued that creep mainly occurs on steep slopes (> 20°), and/or where thick sections (> 30 m) of sediments are deposited. These conditions give rise to creep and creep rupture, but as slope angles or thicknesses decrease, displacements are negligible. Creep can cause major displacement of surface sediment, and may precede other slope failures such as slumps and slides.
Subaqueous creep probably occurs where there is slow, intergranular frictional sliding of noncohesive sediment (Nemec, 1991) . Strain rate must be low, preventing well-defined slip planes to develop. On steep, coarse-grained shorefaces or deltas where slope inclination may be up to 35°, creep can be important. In these settings, creep can probably stabilize slope successions as it reduces the slope gradient, so that more massive slope failures do not occur (W. Nemec, personal communication). Creep will be virtually unrecognizable on seismic data and will have subtle expression in outcrop, possibly in the form of stretched beds exhibiting boudinage structures in sandstone beds without associated significant bed deformation ( Fig. 16) Kleverlaan,1987) . Note the tripartite structure with a lower slumped unit, truncated by a middle graded sandstone (turbidite or debrite) and a mudcap, is an example of the linked nature of several processes within mass-transport deposits. General transport direction was from left to right. Note people in foreground for scale.
(sensu Stow, 1986; Martinsen, 1994) (Fig. 5) . Original bedding can be slightly rotated along fault planes, such as in hanging-wall anticlines, but not deformed by simple shear or buckling. Near the terminus of some slides, compressional features such as imbricate thrusts can take up shortening of the section (Fig. 5) . Slides include rotational slides and translational slides (cf. Allen, 1985) and encompass a range of marine slope instabilities, such as delta-front growth faults, shelf-edge faults (Fig. 6 ), failures on channel margins, submarine glide-blocks, and olistoliths. Commonly, basal slide surfaces are spoon shaped in three dimensions with a tripartite morphology of upslope head region, middle "rigid" zone, and downslope toe zone (Fig. 7; Brunsden, 1984; Gawthorpe and Clemmey, 1985; Martinsen, 1989) . In plan view, the upslope head region is concave downslope and dominated by extensional deformation. The middle region is mainly translational, and does not show any particular strain signature. The toe region is usually dominated by compressional deformation, and has a series of convex-downslope and characteristically lobate forms in plan view (Figs. 5, 8) .
It is common in slides that a "family" of listric faults dominates the head region (cf. Crans et al., 1980) and sole out at a basal decollément. Such faults commonly are readily recognizable on high-resolution seismic data. In larger slides, the fault families can occur in a hierarchy so that one small family may be entirely enclosed in the hanging wall of a fault of a larger-order fault family. Antithetic listric or planar extensional faults occur (Fig. 9 ). These antithetic faults are dowthrown in the sense opposite to the master faults, and, as a consequence, can cause confusion in outcrop-based measurements of paleoslope (Martinsen, 1989) .
The central region of the slide can be mostly undeformed. In both seismic data and in outcrops, slide recognition can be difficult in this zone. In outcrops, there may be evidence for internal slip between beds in the form of sheath folds or microfaults. Strike-slip deformation dominates at the lateral margins of slides (Fig. 5) . Width variability of the slide in plan view determines whether deformation is transpressional or transtensional (Martinsen, 1994) .
Compressional deformation dominates the toe region, and usually produces thrust faults. Thrusts form classic duplex and imbricate zone geometries (Lewis, 1971; Dingle, 1977; Martinsen and Bakken, 1990; Posamentier and Walker, 2006) (Figs. 10, 11, 12) . Commonly, the plan-view expression is downslope lobate ridges, or "pressure ridges" that lie above blind thrusts (Roberts et al., 1980; Posamentier and Walker, 2006) (Figs. 8, 13) .
Slumps
Slumps are characterized by significant internal distortion of bedding, above a basal shear surface (e.g., Stow, 1986; Martinsen, 1989; Martinsen and Bakken, 1990) . Nevertheless, primary bedding should be recognizable. There is a continuous transition between slides, slumps, and plastic flows, and many masstransport deposits may show characteristics of all three modes of transport (e.g., Bakken, 1987 ; see also below). Therefore, careful analysis is required to understand temporal and spatial behavior of the processes producing the mass-transport deposit and to satisfactorily categorize them.
Slumping is a common process where there is a significant involvement of clay-size sediments. Depth of the basal shear surface is determined by the pressure gradient within the sediment. Where pore pressure approaches or balances the normal stress of the overburden, slippage occurs along a basal shear surface. These relationships are given by the equations Shear strength (τ) = C + (σ -p) tan ϕ (Hampton, 1979) and Shear stress (S) = ρ g s Y tan α (Middleton and Southard, 1978) where C is sediment cohesion, σ is normal stress (or weight of overburden), p is pore pressure, ϕ is the angle of internal friction, ρ is sediment density, g is acceleration due to gravity, s is solidity (or the complement of porosity), Y is sediment thickness, and α is slope angle.
The shear surface propagates upslope in a radial fashion from a nucleation point (Williams and Chapman, 1983; Farrell, 1984) , leading to the formation of a scoop-shaped, concave-downslope depression or failure scar, often with an irregular outline (Martinsen, 1989) (Figs. 14, 15) . The shear surface is probably initiated as a slope-parallel feature, which can steepen at lithofacies boundaries or at sites of abrupt change in pore pressure where contrasts in material strength occur (Crans et al., 1980) .
Idealized models of slumps (and slides) show the deformed units to have a well-defined upper extensional zone and a downslope contractional zone ( Fig. 7 ; e.g., Lewis, 1971; Allen, 1985) . Both extensional and contractional faults are common in slump deposits (Martinsen and Bakken, 1990; Strachan and Alsop, 2006) . Seismic observations suggest that faults are common in many positions within slumps (Posamentier and Kolla, 2003; Frey-Martinez et al., 2006; Posamentier and Walker, 2006) , such as laterally along slump margins, as well as distally in association with basal-shear surface ramps (Figs. 5, 10) . Distinguishing between slumps and slides can be difficult because both are part of a continuum of mass-movement features. In outcrop, one distinguishing characteristic of slides is that internal to a slide block there is little or no deformation of beds. In contrast, within slump deposits original bedding integrity is maintained, while some deformation nonetheless characterizes bedding architecture.
A variety of other deformational structures such as folds, boudins, microfaults, internal shear surfaces, and faults are common in slumps (W. Arnott, personal communication; Fig. 16 ). The main fold style in slumps are sheath folds formed by simple shear (Martinsen, 1994) , but buckle folds also occur (Woodcock, 1976) . Martinsen (1994) argued that slumps experience a main phase of plastic/ductile deformation, wherein folds and boudins are formed. The ductile phase is followed by a late brittle phase, when faults form. It is common to see strain overprinting, where earlyformed folds are truncated by late faults or where extensional structures are overprinted by contractional structures (Farrell, 1984; Martinsen, 1989; Martinsen and Bakken, 1990; Strachan and Alsop, 2007) .
Slumps form on slopes as low as 0.1° or less (e.g., Prior and Coleman, 1978b) and can range in thickness from 0.5 m (e.g., Martinsen, 1987) to several hundreds of meters on continental margin slopes (e.g., Dingle, 1977; Jansen et al., 1987) . On most modern delta slopes, slumps are generally less than 40 to 50 m in thickness (e.g., the Mississippi Delta, cf. Coleman, 1978a, 1978b) , which correspond to the scale of mass-transport deposits in many ancient subsurface successions (Martinsen, 1994 and references therein).
Debris Flows
Debris flows are cohesive to noncohesive laminar flows that transport unsorted and disaggregated debris that can travel across extremely low-gradient slopes. Mud flows are analogous to debris flows but do not carry large volumes of disaggregated western Ireland. Strain overprinting like this example is common in mass-transport deposits and can occur at any scale in compressional zones (Farrell, 1984; Martinsen, 1989 ; see also Strachan and Alsop, 2006 , for a detailed description of this slide). Such strain overprinting indicates that the mass-transport deposit stopped at its downslope margin first and that subsequent structures developed in an overstep fashion rather than in a piggy-back fashion (see Martinsen, 1989 Martinsen, , 1994 This structural complexity is scale-independent and can be observed in much larger mass-transport deposits in seismic data (see e.g., Fig. 10 ). Mohrig et al., 1998) . Observations of hydroplaning plastic flows in flumes, together with seismic stratigraphic observations, indicate that plastic flows may travel several hundred kilometers on low slopes. There has been considerable debate in recent years regarding the understanding of turbidity-current and debris-flow processes (e.g., Hampton, 1972; Hampton, 1973, 1976; Shanmugam, 1996; Mohrig et al., 1998 ; Mulder and Cochonat, 1996; Mulder and Alexander, 2001; Elverhøi et al., 2005) . There is a critical thickness (T c ) for initiating or stopping debris flows, assuming Coulomb behavior of the debris (Johnson and Rodine, 1984) :
where C is the cohesive strength, ϕ is the angle of internal friction, γ is the unit weight of the debris, and δ is slope angle of the surface (and base of debris flow). Thus, more cohesive debris flows can attain greater thicknesses, while greater slope angles will favor thinner flows. Subaqueous debris flows commonly may also be sheet-like, since entrainment and rapid mixing of sediment with water may cause lateral flow expansion and sheet development when flows occur outside channels.
Commonly, debrites are characterized by a matrix-supported texture with the largest clasts being positioned towards the top of the flows (i.e., "kinetic sieving"). This condition is driven by dispersive pressure between clasts in a buoyant matrix with some cohesive strength, causing the largest clasts to move preferentially towards the top of the flow. There commonly is a density difference between the debris and the dense matrix, also giving the largest clasts buoyancy (Rodine and Johnson, 1976) . Hampton (1979) showed that debris-flow buoyancy is caused by two factors: (1) high density of the matrix, and (2) loading of pore fluid by clasts or matrix, causing overpressure within the debris flow, which keeps clasts in suspension. Hampton (1979) further showed that even in grain-matrix mixtures with up to 90% grains, the largest clasts could be supported. Rodine and Johnson (1976) further showed that in poorly sorted debris flows, mobility was sustained when matrix was as low as 5%.
Typically, debris flows sweep clean their pathway and entrain large clasts (Figs. 17, 18; Johnson and Rodine, 1984) . The coarsest debris is generally carried in the snout of the flow, so that an upslope fining is commonly observed in the final deposit. Therefore, the finer and more fluid upslope debris sometimes remobilizes underlying coarser debris. Finer-grained debris flows commonly travel farther than coarser-grained flows, but because fine-grained and fluid flows readily incorporate coarser material, a simple coarse-to-fine gradation in a particular depositional setting (e.g., alluvial fans) should not always be expected (cf. Johnson and Rodine, 1984) .
MASS-TRANSPORT DEPOSITS: OCCURRENCE AND MORPHOLOGY

Staging Areas for Mass-Transport Deposits
The staging area is defined as that location where mass-transport deposits originate. Staging areas can exist in any setting where slopes are unstable. Such instability can arise from a range of factors, including: (1) oversteepening of slopes due to rapid sedimentation associated with shelf-edge deltas Prior and Coleman, 1978b) ; (2) cyclic wave loading (Henkel, 1970; Suhayda et al., 1976) ; (3) sudden movement of the seafloor in response to seismic events (Seed, 1968; Leeder, 1987) ; (4) oversteepening of slopes due to erosional undercutting at the base of slope; (5) lowering of wave base in response to relative fall in sea level, leading to disequilibrium conditions at the seafloor; (6) oversteepening of slopes as a result of fault movement or diapiric movement associated with mud or salt; (7) Cliff is approximately 50 m high. Such scars dominate many upper-slope areas of modern slopes and are also commonly seen in seismic sections (see Fig. 14) . These features can usually be differentiated from channels cut by turbidity currents by their lower aspect ratios (lower depth/width ratios) and by their fill, which usually is composed of mass-transport deposits or undeformed mudstones, if the mass-transport deposit is transported out of its scar. dissociation of clathrates in the near-subsurface section (Carpenter, 1987; Maslin et al., 1998; Maslin et al., 2004) . The largest mass-transport events commonly originate in the mid to upper slope (Fig. 19) . These events can cause volumes of sediments as large as hundreds of cubic kilometers to be set in motion. At the other end of the spectrum, small failures of channel-levee walls can be in the order of just a few cubic meters (Figs. 20, 21) . Ultimately, the lithologic character of a masstransport deposit reflects the lithology present in the staging area. Consequently, those mass-transport deposits that originate at the outer shelf or upper slope can have a mix of sand and mud, whereas those that originate in the mid-slope or beyond likely will be more mud prone. More locally derived mass-transport deposits, such as those associated with salt domes or mud volcanoes (Fig. 22) , or those associated with oversteepened flanks of channel levees, are intrabasinal and commonly mud prone with locally derived material.
Commonly, the location where mass-transport deposits originate is characterized by arcuate scars. Such scars sometimes can be observed at the shelf-slope break (Fig. 14) . Others can be seen in mid-slope settings (Fig. 19) . Much smaller arcuate scars can be observed along inner channel-levee walls (Figs. 20, 21) .
External Morphology
Seismic reflection data are better suited than outcrops for describing larger aspects of external as well as internal morphology of mass-transport deposits. Table 1 summarizes the seismic stratigraphic criteria for recognition of mass-transport deposits. These criteria are discussed below.
Mass-transport deposits can assume a variety of shapes and sizes ranging from lobate to sheet to channel-form (Posamentier et al., 2000; Posamentier and Kolla, 2003) . Figure 23 illustrates several lobate-form, deep-water mass-transport deposit lobes. These lobes are characterized by relatively steep flanks (up to 20°), suggesting a flow mechanism that involved a relatively abrupt halt or en masse freezing of the flow. A similar, steep-flanked mass-transport deposit is illustrated on the left side of Figure 24 . In contrast with these steep-sided debrites, a debrite lobe with tapered flanks is present on the right side of Figure 24 , giving the appearance of a deflated lobe. The gradient that characterizes the margins of these deposits reflects their rheology.
Mass-transport deposits also can be channelized (Posamentier and Kolla, 2003) and leveed (Fig. 24) . In some instances, channelized mass-transport deposits have opportunistically occupied an earlier-formed, basin-floor channel, likely formed by turbidity currents (Fig. 25) . Most debris flows are characterized by a rugose external texture suggesting presence of large floating clasts (Figs. 26, 27) . A cluster of large clasts within a mass-transport deposit is shown in Figure 17 , with some clasts approaching ~ 500 m in diameter.
A hybrid type of channelized, large-scale mass-transport deposit is relatively common in basin-floor settings. In lowgradient settings immediately outboard of the base of slope, a common aspect of large mass-transport deposits is the tendency to plow deeply into the substrate. Apparent channels, such as that illustrated in Figure 28 , are not erosional in the conventional sense. Such "channels" never existed as open conduits; rather they formed in a manner similar to how a trench is excavated by a snow shovel (Fig. 29) . However, in contrast with the snow-shovel analogy, no open trench (behind the shovel) ever exists in the case of deepwater plowing. The role of the shovel is played by the mass of material that pushes the seafloor substrate, so that cut and fill of the trench occurs simultaneously. This plowing process results in significant "bulking up" of flow, as significant volumes of the basin-floor substrate are entrained into the flowing mass. Mass-transport trenches formed in this way commonly are flat-floored, suggesting shearing along a plane of weakness parallel to bedding, forming a basal decollément surface. Likewise, these trenches are steepwalled, with margins approaching slopes of 70 to 80°, suggesting that shearing at the margins is occurring as well. Such features commonly terminate as a "box canyon," with extensive, low-angle thrust faulting characterizing the mass-transport deposits near the terminus, as the flow comes in contact with and compresses against the terminal wall (Fig. 30) . Sediments close to the terminal wall presumably have traveled a minimal distance. Palinspastic restoration suggests that for the feature shown in Figure 28 , the materials located 40 km from the terminal wall (location Y in Fig. 28) , traveled only about 6 km. In some instances, plowing by oversized clasts can produce giant grooves that can have the appearance of linear channels. Figure 31 illustrates such a giant groove or channel, which seems to have formed by a single large clast that has eroded through the substrate and come to rest at the terminus of the groove.
Seismic Stratigraphic Expression of Internal Architecture
The seismic stratigraphic expression of mass-transport deposits can vary from transparent to chaotic, and less commonly to convolute reflection architecture, in both transverse view and plan view (Fig. 32) . This seismic stratigraphic response suggests a mass-flow rheology commonly characterized by little organized macrofabric, which is typical of debrite deposits. In transverse view, mass-transport deposits are characterized by transparent to chaotic seismic reflections. Masstransport deposits commonly amalgamate, although surfaces between successive mass-transport deposits can be obscure and difficult to recognize, due to erosion and or similar superposed lithologies.
Internally, mass-transport deposits commonly are characterized by compressional structures near their termini as discussed above. Low-angle thrust faults (commonly dipping at ~ 15°), characterized by listric curvature, originate at the base and extend through to the top of the deposit and can be common features (Figs. 8, 10, 30, 33) . These thrust faults are expressed near the upper surface of the deposit as arcuate fault traces, oriented transverse to flow direction (Figs. 8, 10, 30, 33; Brami et al., 2000; Posamentier and Kolla, 2003) . In some instances, successive flows can result in laterally directed compression as illustrated in Figure 34 .
Erosion Associated with Mass-Transport Deposition
Erosional scour is a common characteristic of mass-transport deposits. Erosion can be expressed in the form of long linear grooves or striations at the base of a mass-transport deposit. The scale of such grooves can range up to 750 m wide and up to 50 m deep (Fig. 35) and can extend for tens of kilometers. Basal grooves can be observed at the bases of masstransport lobes as well as channels ( Fig. 36 ; Posamentier and Kolla, 2003) . Occasionally, outrunner blocks with associated groove tracks occur, such as described by and Nissen et al. (1999) (Fig. 37) . The striking linearity of grooves that are commonly observed at the bases of mass-transport deposits form because of the laminar rather than turbulent flow that characterizes these flows. In the absence of turbulence, tools capable of scouring the substrate tend to have relatively long residence time at the bases of flows. Consequently, tools stay at the base and scour the substrate as the flow moves downslope, until such time as internal faulting carries them upwards into the flow or until they break up as a result of interactions with the substrate.
The erosive power of mass-transport events can be observed in Figures 32, 36, and 38 , where erosion depth of as much as 80 m can be documented. The effectiveness of a mass-transport event to erode the substrate is a function of: (1) 
Slope to Basin-Floor Transition
The transition from slope to basin-floor settings in some instances can be characterized by a transition from erosion, characterized by deep grooves and scour, to deep plowing of the substrate (Fig. 39) . The location of this transition seems to be where the rate of gradient change is maximum and nominally marks the basin-floor margin, near the base of slope. At this location, stress vectors are directed into the substrate at a higher angle than locations either on the marine slope or farther out on the basin floor. When this condition occurs, a decollément surface IG. 31.-A) Coherency slice, and B, C) seismic profiles showing a deep groove in a deep-water slope setting. This groove was formed by erosion of the substrate by a massive clast measuring approximately 100 m high and 800 m wide. The clast itself came to rest at the end of the groove and can be observed in section view B, C) as well as plan view (A) (seismic data courtesy of Western Geophysical).
can form in the substrate and result in formation of a trench or channel-form physiography (Figs. 28, 34, 39 ).
DISCUSSION
In many deep-water settings, mass-transport deposits comprise a significant percentage of the stratigraphic section. In outcropping sections, such as in the Gull Island Formation of western Ireland (Martinsen, 1987; Martinsen, et al., 2000; Martinsen et al., 2003) , more than 75% of slope strata are affected by massmovement processes. Posamentier and Walker (2006) estimate that within the Miocene to Recent of the eastern Gulf of Mexico mass-transport deposits constitute in excess of 50% of the entire section. Moreover, this estimate may be low, inasmuch as seismic resolution may be unable to detect finer-scale mass-movement processes. The staging area for much of this sediment is the midto upper slope, and as such contains significant amounts of mud, common to those physiographic settings. Presence of mud in the flow can provide cohesion to limit degree of transformation from laminar to turbulent flow. Routine presence of a mud matrix within such deposits in these settings suggests that these masstransport deposits are excellent petroleum seals and poor reservoirs for hydrocarbon accumulations.
Mass-transport deposits can be observed at a variety of scales. These scales range from detailed outcrops, where millimeter-to centimeter-size features can be readily examined to regional seismic scales, where larger features greater than 100 m thick can be observed. Each type of data can image deposits and recognize processes at certain scales. Generally, outcrop data can yield different and more detailed analyses of mass-transport processes, which usually are not available on seismic data except in special settings. However, seismic data (especially 3D seismic data sets) can afford analysis of plan-view morphology as well as broad-scale stratigraphic architecture in ways that cannot be done with outcrop data, and therefore can complement inferences drawn from outcrop data. Broader-scale processes, such as erosion and internal structural deformation, can be more readily discerned using seismic data. Consequently, our understanding of both processes and products associated with mass transport is derived through integration of both outcrop-scale and seismicscale observations. Mass-transport processes are a response to slope instability, regardless of scale. In principle, instability can occur at any time; however, there are certain circumstances when instability is a more common occurrence. On a regional scale, instability of the shelf and slope generally tends to preferentially favor relative lowstands of sea level. This preference occurs for several reasons. When sea level falls, wave base is lowered and can directly impact the outer shelf and upper slope, two locations that commonly serve as the zone of initiation for many mass-transport deposits. Wave action has the affect of altering equilibrium conditions in those settings, resulting in potential for masstransport events to occur. During relative lowstands of sea level, marginal marine depocenters shift towards the outer shelf in association with the process of forced regression (Posamentier et al., 1992) . Rates of sedimentation at the outer shelf and upper slope are greatest, again potentially creating disequilibrium conditions and slope failure (associated with oversteepening and loading of the upper slope). Also during sea-level lowstands, dissociation of clathrates due to depressurization in the near-subsurface section has been tied to slope instability and hence slope failure (Carpenter, 1987; Maslin et al., 1998; Maslin et al., 2004) .
From a petroleum-exploration perspective, mass-transport deposits can serve as seal, reservoir, or possibly even source rock under appropriate conditions. A variety of factors must be taken into consideration for the final grain size of the deposit and its potential as a reservoir, such as: (1) provenance or staging area of the mass-transport deposits; (2) lithology of the substrate over which the mass flow travels; (3) degree to which the mass flow plucks or plows through the substrate it is passing across; (4) degree to which the mass-transport deposits has disaggregated (i.e., debris flow vs. slide); and (5) degree to which the flow is characterized by coherent faults. Much depends on where the flow originated-i.e., the staging area. If the flow originated on the middle slope, commonly the site of predominantly mud deposition, then the resulting mass-transport deposit will likely be mud rich. As such, these mass-transport deposits would constitute excellent seals (Algar et al., this volume) . If a masstransport deposit originates at the shelf edge and is able to cannibalize previously deposited shelf-edge, sand-rich deposits, then the resulting mass-transport deposit may contain varying amounts of sand and may constitute a poor seal and may even be considered reservoir. The degree to which the original sand-rich deposits disaggregate or are deformed determines the continuity and hence reservoir quality of these deposits.
Under certain circumstances, mass movements that originate in mud-rich middle-slope settings can incorporate sand into the flowing mass as it travels. If a mud-rich flow passes over a sand-rich substrate, then the degree to which the flow can scour that substrate plays a role in determining the masstransport deposit reservoir-versus-seal characteristics. In most instances, even those mass-transport deposits that have incorporated substantial amounts of sand likely constitute poor reservoir because of the lack of stratigraphic continuity of these sand beds, a characteristic commonly associated with masstransport deposits, and possible interspersed clay. Even slide deposits can lack significant stratigraphic continuity. Figure 10 illustrates a mass-transport deposit comprising a succession of thrusted, deep-water turbidite deposits that have largely remained intact. However, continuity is severely disrupted by multiple, low-angle thrust faults. From a seal perspective, such mass-transport deposits, characterized by poorly disaggregated sand deposits as well as through-going faults, would constitute relatively poor seals. Future research into mass-transport deposits likely will focus on a variety of topics/questions, which include: (1) slurries and linked debrites-what do they tell us with regard to location within a mass-transport deposit and about the paleogeography of a mass-transport deposit; (2) 6) what physiographic setting favor mass-transport deposits; 6) linkage of borehole-scale to outcrop and seismic-scale characteristics of mass-transport deposits. In addition, future research will focus on documenting the broad variety of mass-transport deposits from the centimeter to the decimeter scale, using a variety of data types ranging from borehole logs to seismic data.
CONCLUSIONS
Mass-transport deposits are common features in deep-water environments. These deposits can be studied at a variety of scales, ranging from outcrop to reflection seismic data. The generic term mass-transport deposit includes a range of depositional processes, including creep, slide, slump, and debris flow, which form a continuum of deposits that is intergradational. Mass-transport deposits commonly are characterized by multiple process mechanisms at various points along their reach. Inferences regarding detailed mechanisms of flow are derived largely from outcrop studies, where analyses at the millimeter and centimeter scale are possible. Inferences regarding broader-scale processes and stratigraphic architecture and geomorphology are best analyzed using 3D seismic data.
The location where mass-transport deposits originate can be: (1) at or near the shelf edge; (2) the mid-to upper slope; and (3) locally, on the flanks of salt domes or mud volcanoes, or on the flanks of channel levees. Those flows that originate in the mid-to upper slope, in particular, are most likely to be mud prone, whereas those originating at the shelf edge may contain sand. However, even those deposits that originate at the shelf edge commonly have a mud matrix. From a petroleum-exploration perspective, mass-transport deposits commonly are characterized by poor reservoir quality, and hence constitute good to excellent seals.
The planform and internal stratigraphic architecture of masstransport deposits can be quite variable. Internally, these deposits can range from completely disaggregated (i.e., debrites) to moderately deformed (i.e., slump deposits) to largely unde- Note that numerous grooves cover the area and tend to diverge in the down-flow direction. These grooves range up to 1 km wide and up to 50 m deep. The image in Part B is a dip azimuth horizon attribute that yields a pseudo-relief map (after Posamentier and Walker, 2006) . formed (i.e., slide or creep deposits). Extensional faulting commonly occurs in proximal updip areas, whereas compressional faulting commonly occurs in more distal downdip areas. Masstransport deposits can occur as lobes, sheets, or channel fills. The external morphology of mass-transport deposits can range from rugose with relief in excess of 25 m to nearly featureless. Another distinctive aspect of mass-transport deposits is the erosional scour that commonly can be observed at the basal contact. Long linear grooves can be formed through erosion by large clasts, or tools, occurring within the basal part of the flow. Such clasts remain in the basal part of the flow as a result of the laminar flow that characterizes these processes. A common aspect of large mass-transport deposits is the tendency to plow deep into the substrate just outboard of the base of slope. In those instances, these deposits take the form of the fill of large excavated trenches, characterized by detachment and shearing along the base and sides.
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